The initial attraction of silicon surfaces etched in aqueous and buffered HF solutions have been studied, by observing the spontaneity and velocity of the contact wave. Also, the effect of a following water rinse was investigated. The bond strengths were determined by measuring the surface energy of the bonds at room temperature. Surfaces etched in an aqueous HF solution, with no subsequent water rinse before drying and contacting, bond spontaneously. If water rinsing is performed after the etch, the spontaneity is lost and the surfaces bond only if a pressure is applied. Surfaces etched in a buffered HF solution did not bond.
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The initial attraction of silicon surfaces etched in aqueous and buffered HF solutions have been studied, by observing the spontaneity and velocity of the contact wave. Also, the effect of a following water rinse was investigated. The bond strengths were determined by measuring the surface energy of the bonds at room temperature. Surfaces etched in an aqueous HF solution, with no subsequent water rinse before drying and contacting, bond spontaneously. If water rinsing is performed after the etch, the spontaneity is lost and the surfaces bond only if a pressure is applied. Surfaces etched in a buffered HF solution did not bond.
Fusion bonding of silicon wafers without any interfacial oxide, meets with a growing interest in, e.g., building high power devices, ' manufacturing sensors and micromechanical devices,2 and has also been presented as an alternative to epitaxial layers. It has, however, earlier been reported that hydrophilic surfaces are necessary for spontaneous bonding to occur, and that hydrophobic surfaces can be bonded only if pressure is applied to the wafer pair.3,4 This makes the bonding procedure more difficult to perform. However, bonding hydrophobic wafers is advantageous, because the high density of hydroxyl groups and water molecules on the hydrophilic surfaces leads to an unacceptably high density of states in the bonded interface. ' The spontaneity of the bonding can easily be inspected by using transmitted IR light, an IR camera, and a video setup. When the surfaces are contacted the contact area will expand at a certain rate, called the contact wave velocity. The contact wave can be observed, and its velocity measured. If the wave front proceeds across the wafer without any help, like applying a pressure, the bonding is referred to as spontaneous. Spierings and Haisma have measured a contact wave velocity of about 2 cm/s for hydrophilic wafers.4 They also assume that the velocity can be used as a measure of bond strength. Furthermore, Spierings and Haisma report that hydrophobic wafers, treated in an aqueous solution with 1% HF followed by a water rinse, do not bond spontaneously. With an applied pressure they measure a wave velocity of 0.3 cm/s. In contrast, we have found that between wafers treated in a 10% HF solution, without water rinse, a contact wave proceeds spontaneously over the wafer, with nearly the same velocity as for the hydrophilic case. In this work we have studied the bonding behavior for surfaces treated with different aqueous and buffered HF solutions.
The Si wafers used in all experiments were 3 in., polished, n and p type, (100) oriented (Wacker, FZ, (8) (9) (10) (11) (12) fi cm), which had thicknesses of 38 1 * 3 pm. Before contacting, the wafers were treated in hydrofluoric (HF) acid with concentrations between 1% and 50%, which will leave the bare silicon surface highly hydrophobic. The buffered HF solution (BHF) was a 1:4 mixture of HF (50%) and NH,F (40%). The wafers were immersed in the etchant for 2 min, after which some of them were carefully rinsed in DI water. The wafers were then blown dry in N2 before contacting. All experiments were performed in clean room environment at room temperature, at a humidity of the air around 60%. A slight pressure with the tweezers at the wafer edge was normally required to initiate thecontact wave. The growth of the contacted area was then documented using an IR camera and a video setup, and the wave velocity could be determined. The bond strengths were measured by determining the surface energy, based on the theory of crack propagation, as first introduced by Maszara et aL6 The blade thickness was 50 ym, and the crack length was measured (with the aid of the IR camera) with an accuracy of rtO.25 mm.
The wafers etched in aqueous HF solutions, and not water rinsed before drying, all show spontaneous contact waves. In Figs. 1 (a)-1 (c) the proceeding contact wave is shown for the case of 10% HF solution. The measured contact wave velocities vs the HF concentration are plotted in Fig. 2 . As can be seen, the 10% solution yields the highest velocity, while the 50% solution yields the lowest. In addition, the 10% sample shows a very low void density, quite up to the standard of hydrophilic wafers, see Fig. 1 (c) . Samples that have been rinsed in water after the etch do not bond spontaneously anymore. The contacted area will only grow with the help of an applied pressure, in agreement with the results of Spierings and Haisma." The amount of voids is also much higher at these interfaces, see Fig. 3 . Surfaces etched in BHF did not bond, regardless of water rinsing. They could be pressed together partially, but split as soon as a blade was inserted between them. The measured bond strengths for the samples, together with the contact wave velocities, are given in Table I . The differences between the samples are very small and lie within the error margin. Accordingly, we cannot see any correlation between contact wave velocity and bond strength.
It is known that aqueous and buffered HF solutions remove the surface native oxide, and leave a highly hydrophobic, bare silicon surface.7 The surface dangling bonds are mainly hydrogen terminated, while tluorine and carbon are present in minor quantities.*-" The etch rate of the underlying silicon is very small. It has been measured to about 0.3 A/min for 15 CI cm silicon." However, it has recently been shown that the surface morphology and the etching mechanism are strongly affected by the concentration and pH value of the HF solution.'2*'3 Furthermore, using x-ray photoemission spectroscopy and Fourier Transform IR, it has been shown that the termination of the surface dangling bonds is influenced by a subsequent water rinse. ' The initial attraction between hydrophobic surfaces is attributed to the relatively weak van der Waals forces,4Y10 which require low surface roughness. The different bonding behavior observed for wafers treated in buffered and aqueous HF solutions are probably due to different etch reactions. Diluting an aqueous HF solution from 50% to 1% changes thepH from 1 to 2. A diluted solution, with low pH, etches silicon isotropically. In scanning tunnel microscope these surfaces look atomically-rough with a large number of isotropic hillocks, having an average diameter of 50 A and an average height of 3-5 A.13 However, a long etching time does not increase the surface roughness. More likely, if the surface is macroscopically rough at the beginning, the solution will have a polishing effect. The density of dangling bonds is high due to the many hillocks, and probably the mobility of the surface atoms is large. This should increase the probability of surface atoms getting close enough for van der Waals attraction, when the wafers are brought into contact. A spontaneous bonding can thus be-obtained. At a high HF concentration (50%)) the etch rate of silicon after oxide removal is not measurable.13 Hence the macroscopically polishing effect decreases, which might explain why the contact wave velocity also decreases for higher HF concentration. The density of carbon and fluorine have also been shown to be higher on these surfaces.9*'4 A BHF solution, with pH> 5, will etch the silicon anisotropically, leaving ( 111) surfaces atomically smooth.i2*'3 On the Si( 100) surface-( 11 l)-facets appear, decreasing the number of contact points between the two silicon wafers. This might explain the impossibility to bond (100) surfaces treated in BHF. We have tried to verify this theory by bonding BHF-treated (111) surfaces. The reproducibility was, however, low, probably explained by atomically high terraces on the surfaces, due to wafer misalignment.13 What effect a following water rinse has on the surface morphology is not known. It has, however; been shown that the hydrogen termination of the surface degrades with exposure to water.g The surface concentration of oxygen, originally present as a suboxide, increases. The surface has still a low concentration of hydroxyl groups (hydrophobic properties), but its binding energy has been changed." Perhaps the surface is further etched in water, and-the roughness increased. Another possibility might be formation of oxygen bridges between the silicon atoms, thereby decreasing the atom mobility and hence its tendency to form bonds to the other surface. Even though the contact waves proceed at quite different speeds, the same surface energies of the bonds are measured. Thus one cannot predict the resulting attraction force by studying the wave velocity, as has been presumed by other workers.4 However, the samples showing the lowest wave velocities seem to end up with more voids at the interfaces than the samples that bond more rapidly.
The composition of the HF solution obviously plays an important role for the bonding mechanism. There is a large difference in contact wave velocity between the samples etched in 10% and 50%, but the following water rinse has turned out to be of even more importance, or rather the absence of a water rinse. What reactions occur on the surface in the final water rinse, and how do they change the chemical nature and morphology of the surface? These are questions that we are continually working on.
We have come to the following conclusions. Spontaneous bonding occurs between hydrophobic wafers etched in aqueous HF solutions, provided no water rinse is done after the etch. The highest contact wave velocity was received after etching in a 10% solution of HF:H?O. No correlation between contact wave velocity and resulting bond strength at room temperature was found for the HF-etched wafers. Surfaces treated with a BHF solution do not bond spontaneously. A subsequent water rinse does not change this behavior.
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